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Abstract 1 

 2 

Protection against ultraviolet (UV) radiation has long safeguarded humans against skin 3 

diseases. However, recent studies have uncovered that the UV-filtering compounds in 4 

sunscreens can have harmful effects on marine ecosystems. This discovery has led to a major 5 

re-evaluation and reformulation of the chemicals used in UV filter. Even with the ban on 6 

several of these compounds, current sunscreens on the market still contain other harmful 7 

substances. To reverse the adverse effects currently afflicting the ecosystem and provide a 8 

genuinely sustainable solution, we draw inspiration from nature to develop a plant-derived, 9 

pollen microgel UV filter. Our in vitro and in vivo investigations showed that the microgel 10 

exhibited excellent UVB protection to the skin with no toxic effects. More importantly, the 11 

introduction of the microgels to simulated seawater showed that it supports long-term healthy 12 

survival of corals, with minimal heat accumulation in the applied formulation, which is vital 13 

for maintaining the delicate balance in marine ecosystem. We anticipate that these promising 14 

results will spark a paradigm shift toward sustainable UV protection strategies that not only 15 

protect humans but also remedy the natural ecosystem.   16 

 17 

Keywords: UV filter, plant biomaterials, pollen microgel, environmentally friendly sunscreen. 18 
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1. Introduction 1 

     Imagine standing on the shoreline, where the warmth of the sun meets the cool ocean breeze. 2 

Just as a diver plunges into the depths of the sea to uncover hidden wonders, scientists delve 3 

into the mysteries of nature, striving to understand the intricate balance that sustains life on 4 

Earth. Unfortunately, human activities, particularly the use of sunscreens containing harmful 5 

UV-filtering chemicals, have disrupted this delicate balance, with coral reefs—some of the 6 

most vibrant ecosystems on the planet—facing the severe consequence.  7 

     The natural ecosystem consists of a diverse array of interconnected ecologies that operate 8 

synergistically to maintain a delicate balance of biological, chemical, and physical processes 9 

[1]. Such balance is crucial for sustaining environmental stability, maintaining biodiversity, and 10 

supporting the complex interactions between species and their habitats [2]. Hence, any form of 11 

ecological disruption is systemic and can have detrimental effects on the overall ecosystem. In 12 

light of global warming, climate change, and the plastic pandemic [3], the threat to coral 13 

ecologies posed by toxic UV-filtering compounds released to the sea in the order of several 14 

thousand tons potentially aggravate the degradation of marine and terrestrial ecologies alike[4]. 15 

Such disruptions can adversely affect biodiversity and compromise the well-being of all living 16 

organisms, including humans.  17 

     Estimates from environmental monitoring studies and global market analyses suggest that 18 

several thousand tons of UV-filtering compounds are introduced into aquatic environments 19 

annually via both direct and indirect pathways [5]. Direct input occurs through the wash-off of 20 

sunscreen during recreational water activities such as swimming and snorkeling, with studies 21 

indicating that up to 25% of applied sunscreen can be released into seawater within 20 minutes 22 

of exposure [6]. Indirect contributions arise from domestic wastewater effluent, which receives 23 

residues from routine personal care product use (e.g., moisturizers, lip balms, and cosmetics), 24 

as well as from industrial sources, including plastics and surface coatings, where UV absorbers 25 

are commonly added. These residues are often only partially removed during wastewater 26 

treatment and subsequently discharged into surface waters [7]. 27 

     Cumulatively, these sources contribute to the pervasive presence of UV-filtering 28 

compounds such as oxybenzone and octocrylene in marine environments, where they have 29 

been detected at concentrations exceeding ecotoxicological thresholds. Global sunscreen sales 30 

exceed 500,000 metric tons annually, and conservative environmental release estimates 5,000-31 

10,000 tons of UV-filtering compounds may enter aquatic systems each year, assuming 5-10% 32 

rate of wash-off or discharge [8]. While this quantity does not uniformly impact all marine 33 
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ecosystems, accumulation is most pronounced in shallow, semi-enclosed coastal zones with 1 

limited water exchange, high tourism activity, and elevated solar UV indices. 2 

     Environmental monitoring has identified UV filter hotspots in sensitive marine ecosystems 3 

including the Caribbean, the Mediterranean, and island tourist attractions across Southeast 4 

Asia. In these regions, seasonal peaks in UV filter concentrations often coincide with tourist 5 

influxes, raising the likelihood of acute and chronic exposure for coral communities. Measured 6 

concentrations of oxybenzone in reef waters during peak tourism have reached or exceeded 7 

1,000 ng/L, surpassing thresholds known to cause coral larval deformities and bleaching [9]. 8 

Such localized accumulations pose a significant ecological burden, particularly to coral reefs 9 

already under stress from climate change and other anthropogenic pressures. These patterns 10 

underscore the need for a holistic understanding of UV filter sources, transport mechanisms, 11 

and spatiotemporal accumulation dynamics to guide effective mitigation strategies and 12 

sustainable product development.  13 

     Over the years, scientists, regulators, and industry players have played their roles in seeking 14 

a viable solution. Recently, Vuckovic et al. reveals how oxybenzone-based sunscreens, 15 

especially when combined with other environmental stressors, may significantly contribute to 16 

the declining health of coral populations [10]. Along this line, oxybenzone and a series of other 17 

toxic compounds have been banned across the industry, and sunscreens are currently produced 18 

containing compounds that are deemed toxic-free [9]. Additionally, some coastal communities 19 

have banned the use of sunscreens containing specific ultraviolet (UV) filters that are 20 

considered harmful to corals [5b, 11]. Nevertheless, growing scientific consensus has highlighted 21 

the environmental risks posed by widely used synthetic UV filters such as oxybenzone, 22 

octinoxate, and octocrylene, which remain common in commercial formulations [12]. These 23 

compounds have been detected in coastal waters at ecologically relevant concentrations and 24 

are linked to coral bleaching, impaired larval development, oxidative stress, endocrine 25 

disruption, and bioaccumulation in marine organisms [13]. In response, multiple governments 26 

and regulatory agencies, particularly in environmentally sensitive and tourism-dependent 27 

regions, have moved to restrict or formally ban the use of these filters [14], underscoring the 28 

urgent need for safer, environmentally sustainable alternatives [15]. 29 

 30 
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 1 

Figure 1 Visual representation of various states of the marine ecology. The marine ecology in its 2 

pristine state without contamination from any form of leeched UV filters (left), in the current state with 3 

contamination from presently available UV filters that are detrimental to the ecology (middle), and the 4 

anticipated remedied state in the presence of next-generation naturally derived UV filters (right). Image 5 

Credit: Batika Saxena. 6 

  7 

     Although various plant-derived compounds and biodegradable carriers have been explored 8 

as environmentally friendly alternatives to synthetic UV filters, many of these systems rely on 9 

photolabile active ingredients such as flavonoids or polyphenols, which often require synthetic 10 

stabilizers, encapsulation systems, or chemical modification to enhance photostability and 11 

efficacy [16]. Such formulation complexities not only diminish the overall ecological benefit but 12 

also introduce additional barriers to scalability, regulatory acceptance, and cost-effectiveness. 13 

These limitations underscore the need for intrinsically photostable, biocompatible materials 14 

that can deliver effective UV protection with minimal formulation burden. Aiming for a 15 

solution that's both good for people and better for the environment, we turned to nature for 16 

inspiration. Observing how certain living systems have successfully survived extreme 17 

environmental stressors, such as climate change, UV radiation, and ozone depletion, over 18 

centuries, we focused on strategies adopted by plants to safeguard their genetic material. Our 19 

investigation revealed that plant pollen, with its multilayered structure, offers both physical 20 

and chemical protection against environmental hazards. Building on this natural model, we 21 

have established methods to develop a range of plant-derived materials through a series of 22 

transformations converting hard pollen into soft matter, leading to the production of microgel, 23 

paper, and sponges [17]. In the context of UV protection, the microencapsulated gel holds 24 

significant promise as a topical coating. Our findings demonstrate that this coating provides 25 

effective UV light protection while exhibiting non-toxicity, high biocompatibility, and 26 

environmental safety. Crucially, our findings indicate that this approach is benign to marine 27 
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ecosystems, including coral reefs, offering a promising avenue for sun protection that aligns 1 

with the delicate ecological balance of nature (Figure 1). 2 

 3 

2. Results and Discussion 4 

 5 

2.1 UV-shielding properties of natural pollen and its derivatives 6 

      Pollen plays a critical role in ensuring plant survival and the success of reproduction by 7 

offering robust protection to genetic materials against harsh UV radiation from the sun[18].  This 8 

is attributed to its exine layer composed of sporopollenin [19], which contains antioxidative and 9 

UV-absorbing phenolic compounds such as p-coumaric acid and ferulic acid [20]. Intriguingly, 10 

a recent report provided evidence that these compounds were produced in abundance by pollen 11 

grains in response to an increase in UVB intensity during the late Permian period mass 12 

extinction event, allowing them to survive the extremely intense radiation [21]. On this basis, 13 

we were motivated to develop a novel class of sustainable UV-shielding materials derived from 14 

natural pollen, beginning with the development of a pollen-based UV filter (Figure 2A). Given 15 

that the process involves transforming natural pollen (NP) into defatted pollen (DFP) and 16 

sporopollenin exine capsules (SEC) before obtaining a microgel form suitable for use as a UV 17 

filter coating, it is crucial to first confirm that the UV-shielding properties are preserved 18 

throughout the series of chemical treatments developed by our group [22]. In our demonstration, 19 

we mainly employed Camellia pollen due to its abundance and processability and included 20 

Sunflower pollen [23]. While morphological changes were clearly observed for both pollen 21 

species when NP was converted to DFP and SEC (Figure S1A), the UV-vis absorbance spectra 22 

showed similar profiles, with maximum absorbance in the UV range, which gradually 23 

decreases to reach a minimum of zero absorbance in the red region of the visible wavelength 24 

range. In fact, with each treatment from NP to SEC, the pollen acquired the ability to absorb 25 

more light over a longer wavelength range close to the UV region (Figure S1B and C). 26 

      We then investigated the effects of UVA and UVB irradiation on cell death and 27 

proliferation of human keratinocytes (HaCaT cells), in the presence of pollen particles with 28 

optimized concentration, which ensures uniform coverage (Figure S2). Upon 2.5 minutes of 29 

UVA irradiation, cell viability decreased to 60.09% (±3.54%) when measured immediately 30 

after exposure. It continued to decrease with longer exposure time down to 34.69% (±2.24%) 31 

for the case of 10-minute exposure, however, UVA irradiated cells proliferated up to 88.13% 32 

(±3.89%) after 48 hours of culture (Figure S3A-C). On the other hand, cell viability remained 33 

above 77.74%, even for the case of 10-minute exposure, strongly suggesting the effectiveness 34 

of pollen particles in blocking UVA (Figure S3D). The quantifications were further 35 
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corroborated through direct visual observation of the HaCaT cells and LIVE/DEAD staining, 1 

which shows that majority of cells remained viable 48 hrs post-exposure (Figure S3E and F). 2 

In contrast, UVB irradiation inhibits cell proliferation and induces cell cycle arrest and 3 

apoptosis, partially mediated by p53 through p21 [24]. In our results, after 10 minutes of 4 

exposure, cell viability measured immediately was 54.33% (±3.38%) (Figure S4A). However, 5 

it reduced to 10.05% (±1.85%) when measured 48 hours after exposure (Figure S4B and C). 6 

When pollen particles blocked UVB, cell viability remained above 99% even after 10 minutes 7 

of UVB irradiation (Figure S4D-F).  8 

      In addition, we also checked the effectiveness of NP, DFP, and SEC to shield UV 9 

irradiation by measuring the levels of reactive oxygen species (ROS), since UV irradiation is 10 

known to induce apoptosis by producing ROS. In the absence of pollen particles, the irradiation 11 

of UVA and UVB to HaCaT cells increased ROS production by a factor of 4.47 and 2.46, 12 

respectively, compared to the control group (i.e., without any irradiation). However, upon 13 

shielding by pollen particles (i.e., NP, DFP, and SEC), UVA and UVB irradiation increased 14 

ROS production by only a factor 1.67 and 1.38 on average, respectively. This provides further 15 

evidence that pollen particles, even after treatment, maintains the UV-shielding capability, 16 

resulting in the suppression of ROS production (Figure S5). 17 

 18 



 

8 
 

 1 

Figure 2 Development and efficacy of pollen-based sunscreen. (A) Schematic illustration of the 2 

process of creating pollen-based sunscreen: pollen is harvested from Camellia, processed into a 3 

microgel, and then used in sunscreen formulations for sustainable skin protection. (B) (top) SEM images 4 

of Camellia pollen microgel. Scale bar = 20 µm (10 µm, inserted image) (bottom) image of auto-5 

fluorescence microscope of Camellia pollen microgel and inverted tube testing. Scale bar = 50 µm (C) 6 

UV-Vis absorbance (a.u.) spectrum of Camellia microgel (D) LIVE/DEAD and ROS assays showing 7 

cell viability and barely produced ROS reactive oxygen species production after 10min UVB irradiation 8 

protected with Camellia microgel. Scale bars = 100 µm. Quantitative analysis of cell viability. (E) 9 

immediately after UVB exposure, (F) 48 hours after UVB exposure, and (G) ROS production under 10 

different conditions: Control, no pollen (UV only), and protected with Camellia microgel (*p < 0.05, 11 

**p < 0.01, ***p < 0.001). 12 

 13 

2.2 In Vitro Evaluation of Pollen Microgel as a UV Filter  14 

      Following confirmation that the UV-shielding properties of pollen particles were retained 15 

throughout the transformation from NP to SEC, we then proceeded to convert the hard pollen 16 

particles into soft pollen microgel, which can be uniformly coated on various surfaces for a 17 

range of UV filter applications in practical settings. This is achieved through a mild alkaline 18 

treatment[22] resulting in a suspension of pliable pollen particulates (i.e., pollen microgel) in 19 

polar solvent (Figure 2B). Interestingly, UV-vis absorbance measurements revealed that even 20 

in the microgel form, the pollen sample exhibited a similar absorbance profile to the SEC 21 
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(Figure 2C), with Camellia pollen microgel displaying stronger UVB absorption compared to 1 

Sunflower pollen microgel (Figure S6A). We then performed LIVE/DEAD and ROS assays, 2 

which showed that the introduction of pollen microgels to HaCaT cells resulted in higher cell 3 

viability and lower ROS production compared to the no-protection group upon exposure to 4 

UVA and UVB for more than 10 minutes (Figure 2D and Figure S6B-E).  5 

      Chemical analysis using pyrolysis gas chromatography-mass spectrometry (GC/MS) 6 

revealed for the first time the presence of UV-absorbing phenolic coumaric acid and ferulic 7 

acid in pollen microgel (Figure S7A-B). This indicates that although the exine of the pollen 8 

was softened during the microgel synthesis process, the chemical makeup of the sporopollenin 9 

remains largely consistent with that of native sporopollenin, with both coumaric acid and 10 

ferulic acid retaining their UV-absorbing properties. On a broader context, this implies that 11 

with careful modulation of the synthesis process, the native characteristics of pollen can be 12 

retained even when new properties are introduced during the transformation to microgel. Most 13 

importantly, this proves that pollen microgels can effectively serve as a UV-shielding material.  14 

      Quantitative analyses revealed that immediately after UVB irradiation for 10 minutes, cell 15 

viability of 100.78% (±3.30%) was achieved in the presence of Camellia microgel, which was 16 

comparable to the control group (i.e., without irradiation) (Figure 2E). In contrast, in the 17 

absence of pollen microgel, UVB irradiation decreased the cell viability to 10.05% (±1.85%). 18 

Remarkably, a high cell viability of 98.21% (±7.26%) was maintained in the presence of 19 

Camellia microgel, even after 48 hours of UVB irradiation (Figure 2F) Subsequently, the 20 

quantification of ROS production after 48 hours of UVB irradiation revealed only a slight 21 

increase by a factor of 1.32 (±0.36) in the presence of Camellia microgel, as opposed to more 22 

than two-fold increase without microgel protection (Figure 2G). After the irradiation of UVB 23 

for 30 minutes, the cell viability after 48 hours reached about 5% in the no-protection group. 24 

However, it remained above 65% blocked UV by the pollen microgels. Taken together, these 25 

results further corroborate that the UV-shielding effect is maintained even after gelation, 26 

confirming the promise of pollen microgels as UV filters. 27 

 28 

2.3 In vivo cytotoxicity evaluation of pollen microgel using ICR mouse model of UV-29 

induced skin damage 30 

     The exposure to UV radiation is well-known to cause skin diseases and various skin 31 

abnormalities [25]. To assess the degree of UV protection to the skin that can be offered by 32 

topical treatment of pollen microgel and evaluate any potential cytotoxicity, we employed the 33 

ICR mouse model and triggered UV-induced skin damage by means of UVB irradiation (312 34 
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nm) with an intensity of 1.6 mW/cm2 for 13 min once every 24 h over three consecutive days. 1 

Histological examination of skin biopsy specimens conducted using hematoxylin and eosin 2 

(H&E) staining after the three-day period revealed the loss of epidermis and significant 3 

hemorrhaging in untreated skin sections exposed to UVB irradiation compared to normal skin 4 

(i.e., without exposure to UVB) (Figure 3A and Figure S8A-C). In contrast, sections that were 5 

topically applied with Camellia and Sunflower microgel successfully preserved the epidermis. 6 

Epidermal thickness measurements revealed significant thinning of the epidermis from 30.41 7 

µm (± 8.57 µm) in normal skin without UV exposure to 9.59 µm (± 3.35 µm) after UVB 8 

irradiation (Figure 3B). However, there was no significant change in epidermal thickness for 9 

protected skin sections post-irradiation, with final thicknesses of 28.59 µm (± 9.43 µm), 31.12 10 

µm (± 9.56 µm), and 33.42 µm (± 8.59 µm) for sections topically applied with commercial 11 

sunscreen, Camellia microgel, and Sunflower microgel, respectively (Figure 3B and Figure 12 

S8D and E). Along this line, further analysis using Masson’s Trichrome (MT) staining 13 

revealed that the application of pollen microgel preserved the collagen structure within the 14 

dermis, which appears largely blue (i.e., MT positive), corresponding to regions of well-15 

organized and intact collagen fibers (Figure 3B and Figure S8F). Conversely, the skin section 16 

without protection appears uniformly red, corresponding to denatured collagen throughout the 17 

dermis. Quantitative analyses of MT staining revealed a significant decrease in MT positive 18 

area, which corresponds to the loss of collagen structure, from 40.8% (± 9.21%) in normal skin 19 

without UV exposure to 16% (± 3.28%) after UVB irradiation. On the other hand, MT positive 20 

areas of 46% (± 5.36%), 46.80% (± 10.28%), and 48.40% (± 6.34%) were recorded post-21 

irradiation for sections applied with commercial sunscreen, Camellia microgel, and Sunflower 22 

microgel, respectively (Figure 3C and Figure S8G). 23 

     Furthermore, histological examination using Toluidine Blue staining revealed that the 24 

application of Camellia and Sunflower microgel did not result in the reduction of mast cells, 25 

as observed in the unprotected sections (Figure S8H). Since mast cells are resident cells in the 26 

epidermis for rapid activation in the event of skin damage,[26] the reduction of these cells 27 

implies that the healing process in unprotected sections will be compromised. In other words, 28 

our results show that the protection with microgel prevented any form of intracellular damage 29 

within the dermis, which would have originated from UV ray penetration, while at the same 30 

time preserving the healing properties of the skin [27]. Taken together, these qualitative 31 

observations provide preliminary indications that pollen microgel are highly effective UV 32 

filters that offer similar, if not superior skin protection performance than conventional 33 

sunscreens even under intense UV radiation. Likewise, while the number of mast cells reduced 34 

drastically to 42.13% for unprotected sections (14.88 cells, ± 4.62), no signification difference 35 
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was observed between normal skin (35.33 cells, ± 11.05), and those protected with commercial 1 

sunscreen (37.44 cells, ± 8.15), Camellia microgel (35.5 cells, ± 6.61) and Sunflower microgel 2 

(35.44 cells, ± 10.52) (Figure S8I).  3 

     We then analyzed immune responses in the cutaneous tissue by measuring changes in gene 4 

expression related to fibrosis and inflammation following UVB irradiation. Considering that 5 

UVB irradiation adversely affects the expression of Col1a1, Col3a1, TGF-b, Fn-1, IL-1b, TNF-6 

a, and IL-6 genes, which collectively influence various molecular pathways involved in 7 

inflammation, extracellular matrix (ECM) remodeling, and cell signaling [28], we measured the 8 

mRNA expression of these pro-fibrotic and pro-inflammatory genes post-irradiation. We 9 

observed a significant upregulation of gene expression in the unprotected sample, particularly 10 

for Col1a1, Col3a1, IL-1b, and IL-6 (Figure 3D-H). Specifically, the detected Col1a1 and 11 

Col3a1 mRNA levels in unprotected samples were up to 10- and 24-fold higher than in normal 12 

unexposed samples. Across all these genes, the protection with commercial screen and pollen 13 

microgel successfully suppressed upregulation, except for a slight increase in Col1a1 mRNA 14 

levels in the case of protection with commercial sunscreen (Figure S9).  15 

 16 
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 1 
Figure 3 In vivo assessment of pollen-based sunscreen on UV-induced skin damage. (A) 2 

Histological sections of skin stained with Hematoxylin and Eosin (H&E) and Masson's Trichrome (MT) 3 

under different conditions: Normal Skin, UV irradiation: No Protection, Sunscreen, and Camellia 4 

Microgel. Scale bar: 100 µm. (B and C) Quantification of epidermal thickness and MT positive area 5 

(%) of the skin sections after UVB irradiation under different conditions. (D) Heatmap of relative 6 

mRNA expression levels of genes (Col1a1, Col3a1, TGF-β, Fn-1, IL-1β, TNF-α, IL-6) across different 7 

treatments. (E-H) mRNA expression levels of (E) Col1a1, (F) Col3a1, (G) IL-1β, and (H) IL-6 in 8 

Normal Skin, UV irradiation: No Protection, Sunscreen, and Camellia Microgel. (I) Heatmap of relative 9 

protein levels of markers (Fn-1, Collagen 1, αSMA, CTGF, pro-IL1β, IL-1β, TNF-α) across different 10 

treatments. (J-M) Protein expression levels of (J) Collagen 1 and (K) IL1β in Normal Skin, UV 11 

irradiation: No Protection, Sunscreen, and Camellia Microgel. *p < 0.05, **p < 0.01, ***p < 0.001. 12 

 13 

      Subsequently, we quantified the expression of Fn-1, Collagen 1, αSMA, CTGF, Pro-iL1b, 14 

IL-1b, TNF-a by Western blotting across both unprotected and protected samples and analyzed 15 

the results through a heat map and protein expression level measurements (Figure 3I-K and 16 

Figure S10). In unprotected samples, UV irradiation led to an increased expression of Fn-1 17 

and Collagen 1 by a factor of 4.97 (± 0.15) and 5.21 (± 0.78), respectively, indicating the 18 
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occurrence of tissue repair and maintenance of ECM remodeling [29]. While a slight increase 1 

by a factor of 1.44 (± 0.03) was observed for the actin αSMA, there was a dramatic rise by a 2 

factor of 14.33 (± 1.42) for the growth factor CTGF, signifying fibroblast activation and 3 

fibrosis [30]. At the same time, significantly elevated expression of cytokines Pro-IL1b, IL-1b, 4 

and TNF-a reflects inflammation and immune response [29], collectively highlighting damage 5 

control and healing of the cutaneous tissue. Specifically, Pro-IL1b, IL-1b, and TNF-a increased 6 

by factors of 18.58 (± 4.31), 15.01 (± 3.41) and 2.38 (± 0.59), respectively. Remarkably, the 7 

topical application of Camellia and Sunflower microgels prevented increased expressions of 8 

these ECM proteins, growth factors, and cytokines, confirming their efficacy in protecting 9 

against UV-induced fibrosis and inflammation. No significant difference was observed 10 

compared to samples protected by commercial sunscreen. These findings collectively 11 

underscore the dual protective action of pollen microgels, which not only prevent biophysical 12 

damage as evidenced by histological staining [31], but also by not triggering immune responses 13 

through the mitigation of inflammatory cytokines, avoiding any cytotoxic effects. This 14 

comprehensive protection confirms the potential of pollen microgels as highly effective non-15 

toxic UV filters that offer substantial defense against both immediate and long-term UV-16 

induced damage. 17 

 18 

2.4 Evaluation of the potential impact of pollen microgel UV filter to the natural 19 

ecosystem 20 

     Considering the adverse effects of commercial sunscreen on the natural environment [32], 21 

there is a pressing need to develop eco-friendly solutions that are not only beneficial for 22 

consumers but also help address the ongoing imbalance of the natural ecosystem. Following 23 

this line, our results advocate for further development and application of pollen microgels as 24 

topical sunscreens, providing a foundation for protective formulations that safeguard human 25 

skin health in environments with high UV exposure. Within this context, a universal parameter 26 

widely used by general consumers for measuring protection against UVB radiation is the Sun 27 

Protection Factor (SPF). It indicates the effectiveness of sunscreen products in preventing 28 

damage to the skin, suppressing premature aging, and reducing the risk of skin cancer [33]. To 29 

evaluate the performance of our pollen microgel UV filters as next-generation consumer-grade 30 

sunscreens, the in vitro SPF levels were calculated using the Mansur method [34]. Typically, 31 

sunscreens with SPF levels above 30 are necessary for extended outdoor activities [35]. While 32 

Sunflower microgels achieved in vitro SPF close to 5, Camellia microgels achieved SPF 27.31 33 

(± 4.72) comparable to commercial sunscreen 29.38 (± 0.91) at the same concentration with no 34 

cytotoxicity (Figure S11), which makes it ideal for activities under intense sun exposure, most 35 
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popularly at the beach and out at sea. In relation to this, while many sunscreens have been 1 

marketed as ‘reef-safe’ or ‘coral-friendly’, the veracity of these claims remains questionable 2 

[15, 36]. For example, although some products are labelled ‘oxybenzone-free’, they still contain 3 

traces of UV filter compounds that are considered potentially harmful to the human hormonal 4 

system as well as marine life, including coral reefs [37].  5 

 6 

 7 
Figure 4 Evaluation of pollen-based sunscreen properties on coral bleaching and skin surface 8 

temperature. (A) Photographs showing coral bleaching over 14 days under different treatments: 9 

control (sea water), commercial sunscreen (chemical), and Camellia microgel. Scale bar = 1 cm. (B) 10 

Survival curve depicting the percentage of non-bleached corals over time when treated with control (sea 11 

water, n=4), commercial sunscreen (n=8), and Camellia microgel (n=4) (C) Schematic illustration of 12 

the experimental setup for measuring surface temperature under sunlight exposure. The comparison is 13 

made between commercial sunscreen and Camellia microgel. (D) The skin temperature (°C) over time 14 

under sunlight exposure. The temperatures are measured for commercial sunscreen, Camellia microgel, 15 

and under direct sun exposure (control). (E) Thermal images captured at 2-minute intervals up to 20 16 

minutes, showing temperature changes on surfaces treated with commercial sunscreen and pollen 17 

microgel. 18 

 19 

      Since the marine ecosystem represents a vital component within the interconnected network 20 

of the overall natural ecosystem of our planet, which could potentially mediate the effects of 21 

global warming and climate change [38], we first assessed the ability of our pollen microgel UV 22 

filters to preserve marine life when applied as sunscreens. We cultured Acropora sp. in 23 
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simulated seawater under different conditions, including the introduction of commercial 1 

sunscreen labelled as ‘oxybenzone-free’ as well as our pollen microgels. To better mimic 2 

natural marine environments, each coral exposure tank was equipped with a submersible water 3 

pump operating to ensure continuous water circulation throughout the experiment. This setup 4 

provided a moderate, quasi-dynamic flow (~13 times turnover per hour), which promoted 5 

homogeneous dispersal of test substances while minimizing mechanical stress on the corals. 6 

Acropora sp. is a genus of coral within the Acroporidae family and was selected as a 7 

representative coral since they play an important role in reef-building and contribute to the 8 

formation of the coral reef framework while providing habitat and shelter for a wide range of 9 

marine organisms, including fish, invertebrates, and other reef-dwelling species [6b]. Over a 14-10 

day period, the Acropora sp. cultured in simulated seawater introduced with Camellia and 11 

Sunflower microgels retained its color as per the blank control (Figure 4A-B, Figure S12A, 12 

and Supporting Video 1-3). In contrast, the coral cultured in commercial sunscreen was 13 

bleached on day 2, indicating that the coral tissues were under stress resulting from the loss of 14 

symbiotic algae [39], and became completely white on day 14 (Figure 4A-B), consistent with 15 

previous studies [40]
. Besides, the corals cultured in both Camellia and Sunflower microgels, 16 

remained healthy and retained its color even after 30 days and 60 days, similar to the blank 17 

control (Figure S12B). This confirms that the pollen microgels exhibit no toxicological effects 18 

to marine systems. Given their hollow, highly hydrated structure and estimated bulk density 19 

close to that of seawater, the pollen microgels are expected to exhibit near-neutral buoyancy, 20 

enabling prolonged suspension and dispersion under typical marine flow conditions with 21 

minimal sedimentation similar to hydrogels [41]. Their composition, comprising naturally 22 

derived biopolymers and a UV-resilient sporopollenin shell, suggests a favorable 23 

environmental profile, with gradual biodegradation via microbial and oxidative pathways and 24 

resistance to photofragmentation. Compared to conventional synthetic UV filters, which often 25 

persist in marine systems, these microgels offer enhanced ecological compatibility and a 26 

reduced risk of long-term accumulation. 27 

      We then compared the thermal regulatory effects of our camellia pollen microgels against 28 

commercial sunscreen when directly exposed to sunlight (Figure 4C). Understanding thermal 29 

effects is important not only within the context of topical application to skin but also since 30 

sunscreens that are released during water-based activities can potentially alter the heat capacity 31 

of sea water, which can in turn adversely affect the delicate balance in the overall natural 32 

ecosystem. Our measurements reveal that the temperature of the skin surface topically applied 33 

with commercial sunscreen rose rapidly from 30 ℃ to around 37 ℃ under direct sunlight 34 

within 20 mins (Figure 4D-E). However, with topical application of Camellia microgel, the 35 
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temperature gradually increased to approximately 33 ℃ after 20 mins, consistently remaining 1 

5 ℃ lower than the bare skin surface (Figure 4D-E). Furthermore, we evenly spread the same 2 

volume of commercial sunscreen and pollen microgel on glass slides and subjected them under 3 

direct UV lamp exposure to detect thermal regulation effects (Figure S13A). The temperature 4 

of commercial sunscreen increased relatively quickly, reaching around 25 ℃ after 10 min. In 5 

comparison, the temperature of pollen microgel maintained a lower temperature and increased 6 

to around 25 ℃ over an extended period of 30 minutes (Figure S13 B-C). These results 7 

indicate that the pollen microgels mitigate the rapid rise in skin temperature and provided 8 

prolonged thermal protection against UVB irradiation. 9 

     The observed reduction in surface temperature for pollen microgel-treated skin during 10 

simulated sunlight exposure is primarily attributed to the spectral optical properties of the 11 

microgel, particularly its reduced absorbance in the visible to NIR range (i.e., 400–900 nm). 12 

This spectral window accounts for the majority of solar thermal energy, and materials with 13 

strong absorbance in this region typically undergo greater photothermal conversion, resulting 14 

in elevated surface temperatures. In contrast, the pollen microgel exhibits high ultraviolet (UV) 15 

absorbance (i.e., <400 nm) but significantly attenuated absorbance across the visible to NIR 16 

range, as observed in Figure 2C and S1. As a result, the amount of incident solar energy 17 

converted into heat is markedly lower for the microgel-coated surface relative to the 18 

commercial sunscreen film. This inherently limits localized thermal energy accumulation and 19 

contributes to the lower steady-state surface temperature observed via infrared thermography. 20 

Importantly, the thermal regulation effect is not driven by bulk heat capacity or thermal mass 21 

of the hydrated film, which would primarily influence transient heat conduction rather than 22 

equilibrium surface temperature under continuous irradiation. Instead, the cooling behavior is 23 

dominated by the ability of the microgel to selectively filter out thermally active wavelengths 24 

of solar radiation, thereby reducing net photothermal input and subsequent surface heating.  25 

     Altogether, the positive outcomes from our in vitro and in vivo studies, as well as in 26 

simulated practical setting, collectively affirm the effectiveness of our pollen microgel as a 27 

non-toxic UV filter, which can be safely applied for topical protection of the human skin 28 

without any adverse effects to marine life and the natural ecosystem. The pollen microgel 29 

platform offers a holistic approach to environmental sustainability, demonstrating eco-30 

compatibility not only in its end-use application but also throughout its preparation process. 31 

The synthesis is based on mild, aqueous-phase chemistry that avoids the use of harsh organic 32 

solvents, synthetic crosslinkers, or energy-intensive conditions. All chemical inputs are used at 33 

low concentrations, and reaction byproducts can be safely neutralized by means of standard 34 

wastewater treatment protocols. The primary raw material (i.e., Camellia pollen) is a renewable 35 
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and agriculturally abundant resource, commonly collected from otherwise discarded or surplus 1 

floral biomass. This not only minimizes waste but also establishes a sustainable resource base 2 

for scalable materials development and mass production. Along this line, it is also worth noting 3 

that since the widespread bleaching of corals can in fact be reversed through regaining the 4 

symbiotic algae with the removal of environmental stressors [39], which in this case is in the 5 

form of toxic compounds. Hence, the timely adoption of pollen microgel as a UV filter in 6 

sunscreens provides the opportunity for coral ecosystems to recover over time, potentially 7 

reinstating the natural balance across different ecologies. 8 

3. Conclusion 9 

    In summary, the conversion of natural plant components with inherent protective properties 10 

into engineered materials that protect other aspects of the environment represents an innovative 11 

approach. This concept can be extended across various applications to mitigate the adverse 12 

effects that have impacted our natural ecosystems [42]. As demonstrated in this work, pollen 13 

microgel serves as an excellent candidate for use in biomedical and cosmetics applications, 14 

especially considering its outstanding performance in protecting cells from UVA and UVB 15 

radiation. Since it is devoid of allergic materials following the defatting processes, it is well-16 

poised to serve as a sustainable UV filter. This not only opens new avenues for skin protection 17 

formulations but also contributes significantly to environmental remedy efforts by potentially 18 

reversing the negative ecological impact of sunscreen on marine life. Beyond the development 19 

of pollen microgel-based skin protection formulations, the concept of utilizing natural 20 

protective properties of plant-derived materials for protecting other natural elements can be 21 

adopted to develop other types of protective films and biocoatings that can be applied onto a 22 

wide range of surfaces, such as fruits and vegetables, which could potentially safeguard or 23 

revive other ecologies as well. 24 

  25 
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4. Methods 1 

Defatting of Bee Pollen: The defatting process of camellia bee pollen (Camellia sinensis L) 2 

followed the established protocols from previous reports[17c, 17d, 22].Initially, bee pollen was 3 

mixed with deionized water and agitated continuously for 2 hrs at 50 ℃. After removing large 4 

contaminants through 200 µm nylon mesh, the water was removed through vacuum filtration. 5 

The resulting pollen particles were treated with acetone for 3 hrs and washed at room 6 

temperature. Following ambient drying overnight, the dried pollen was dispersed with diethyl 7 

ether with continuous stirring conditions for 2 hrs at room temperature twice, then washed and 8 

removed diethyl ether by vacuum filtration. To finalize the defatting process, the remaining 9 

pollen was mixed with fresh diethyl ether overnight with stirring. The resulting pollen was 10 

vacuum-filtrated and air-dried in the fume hood. The defatted pollen was stored in the 11 

desiccator until use.  12 

Preparation of Pollen Microgels: To fabricate pollen microgels, the defatted pollen was treated 13 

with KOH using procedures from previous works [17c, 17d, 22]. Initially, the defatted pollen was 14 

stirred in a 10% KOH solution and refluxed for 2 hrs at 80 ℃ in a PTFE-coated round bottom 15 

flask. The resulting mixture was filtered by 35 µm nylon mesh and washed with fresh KOH 16 

solution until the filtrate cleared. The left pollen was mixed with fresh KOH solution and 17 

incubated for 24 hrs. After incubation, the pollen suspension was filtered with 35 µm nylon 18 

mesh and washed with deionized water until the pH was 7.5. The final products were collected 19 

and stored at 4 ℃ until use.  20 

Fundamental Characterizations of Pollen Particles: The UV absorbance spectrum of pollen 21 

(natural pollen, sporopollenin, defatted pollen, and pollen microgels) was measured between 22 

250-700 nm using a microplate reader (Tecan SPARK, Tecan, Männedorf, Switzerland). The 23 

morphology of camellia pollen microgels was characterized using a field-emission scanning 24 

electron microscope (FESEM) (JSM-7600F Schottkyfield-emission scanning electron 25 

microscope). The fluorescence image of camellia pollen microgels were taken with Zeiss Axio 26 

Observer Z1 microscope (Carl Zeiss, Oberkochen, Germany).   27 

To cover the surface using pollen particles, we optimized the concentration of natural pollen, 28 

defatted pollen, and sporopollenin in 96-well plates (100 µl solution added to each well). The 29 

particles (0.078, 0.156, 0.312, 0.625, 1.25, 2.5, and 5 mg ml-1) sank to the bottom of the well 30 

after a few minutes. Fluorescence microscopic images were then taken, followed by image 31 

analysis of the particle-covered area. The covered area increased with higher concentrations of 32 

pollen particles. The sporopollenin exhibited a slightly higher covered area at the same 33 

concentrations compared to the other particles. At 625 µg ml-1, the area covered by 34 
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sporopollenin reached around 30%, and at 1250 µg ml-1, it reached 50%. In contrast, the 1 

defatted pollen covered around 20% at 625 µg/ml and 65% at 2500 µg/ml, while natural pollen 2 

covered 30% at 1250 µg/ml and 55% at 2500 µg/ml. All types of pollen particles covered above 3 

95% of the surface area at 5000 µg/ml. The results demonstrated that sporopollenin had a 4 

higher covered area than other particles, which could be attributed to it being lighter than 5 

natural or defatted pollen by extraction processes, leading to more particles per unit weight. 6 

Additionally, since defatted pollen is produced by removing contents from natural pollen 7 

particles, it exhibited a larger covered area than natural pollen. As a result, we decided to use 8 

5 mg/ml (100 µl) of sporopollenin, defatted pollen, or natural pollen in the following studies 9 

because, at this concentration, the particles could cover at least 95% of the surface area.  10 

Cell Culture: Immortalized HaCaT keratinocytes were obtained from Cell Lines Services 11 

(Germany). Cells were maintained in DMEM (Life Technologies, Inc., Grand Island, NY, USA) 12 

supplemented with 10% fetal bovine serum (FBS, Gibco, NY, USA), 100 U/ml penicillin-13 

streptomycin (Sigma Aldrich, St. Louis, MO. USA). Medium was refreshed every three days.  14 

In Vitro Evaluation of UV Protection Properties of Pollen Particles and Microgels: The cell 15 

viability test was then performed to evaluate the protective effects of these particles against 16 

UV irradiation. The cells were plated 10,000 cells/well in 96-well plates and allowed to settle 17 

for 24 hours before the experiment. After the cells adhered, pollen particles (natural pollen, 18 

sporopollenin, and defatted pollen) were added at concentrations corresponding to the well 19 

coverage (5 mg ml-1). The cells were then exposed to UV radiation in a UV chamber (ELC-20 

500, Electro-lite Corp, USA) for 2.5, 5, 7.5, 10, and 20 min for both UVA (15 mW cm-2) and 21 

UVB (1.6 mW cm-2). Then pollen was removed by rinsing the wells with PBS. Cell viability 22 

was measured by using the Cell Counting Kit-8 (Dojindo, Japan) immediately and 48 hrs after 23 

UV irradiation. Fluorescent staining was performed using the LIVE/DEAD assay kit 24 

(Invitrogen, Carlsbad, CA, USA) to visualize cell viability. The cell viability test was carried 25 

out for the pollen microgel using a similar method, with UVA or UVB irradiation times of 10, 26 

20, and 30 min after doping with microgel on plate lids. Cell viability was measured by using 27 

the Cell Counting Kit-8 (Dojindo, Japan) at 0, 24, and 48 hrs after UV irradiation. Fluorescent 28 

staining was performed using the LIVE/DEAD assay kit (Invitrogen, Carlsbad, CA, USA) to 29 

visualize cell viability. 30 

In Vitro Reactive Oxygen Species (ROS) Quantification: The amount of ROS was determined 31 

by CellROX Deep Red Oxidative Stress Reagent (Invitrogen, Carlsbad, CA, USA) 0 hr and 48 32 

hrs after UVA and UVB irradiation as described by the manufacturer. Briefly, cell culture and 33 

UV irradiation procedures followed the description above. The medium was treated with 34 

CellROX Deep Red Oxidative Stress Reagent at a final concentration of 5 μM and incubated 35 
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at 37°C for 30 minutes, followed by three washes with DPBS. To confirm the qualitative 1 

evaluation of intracellular ROS distribution, the labeled cells were confirmed using a 2 

microplate reader (Tecan SPARK, Tecan, Männedorf, Switzerland) and Zeiss Axio Observer 3 

Z1 microscope (Carl Zeiss, Oberkochen, Germany).  4 

In Vitro Sun Protection Factor (SPF) Calculation: The in vitro SPF number is determined 5 

according to the spectrophotometric method described by Mansur’ method35. The absorbance 6 

of commercial sunscreen and pollen microgels, sunflower and camellia, were recorded between 7 

290-320 nm using UV-Vis Spectrophotometer (UV-2700, Shimadzu, Japan). The SPF levels 8 

were calculated by the following equation:   9 

𝑆𝑃𝐹𝑖𝑛 𝑣𝑖𝑡𝑟𝑜 = 𝐶𝐹 × ∑ 𝐸𝐸(𝜆) × 𝐼(𝜆) × 𝐴𝑏𝑠(𝜆)

320

290

 10 

Where: EE (EE (λ): erythemal effect spectrum; I (λ): solar intensity spectrum; Abs (λ): 11 

absorbance of sunscreen product; CF: correction factor (= 10).  12 

In Vivo Evaluation of UV-Induced Skin Damage: All animal experimental procedures in this 13 

study were conducted in accordance with the approval of the Institutional Animal Care and 14 

Use Committee (IACUC) of Seoul National University Bundang Hospital (Approval number: 15 

BA-2405-391-004-01). To assess the damage caused by UV radiation on the skin, an 16 

experiment involving female ICR mice 7-8 weeks old (n=5) was conducted. Mice were 17 

randomly divided into various groups: Normal Skin, UV irradiation: No Protection, Sunscreen, 18 

and Camellia Microgel. The commercial sunscreen what we used in this study is oxybenzone-19 

free and composed of Octinoxate, Ethylhexyl Triazone, Diethylamino Hydroxybenzoyl Hexyl 20 

Benzoate, Bis-Ethylhexyloxyphenol Methoxyphenyl Triazine as chemical UV filters. 21 

Following anesthesia and hair removal, the respective samples were applied to designated areas 22 

of the skin. Subsequently, the mice were exposed to UV radiation 1.6 mW cm-2 for 13 min 23 

every 24 hours for 3 days to induce UV-induced skin burn model. Skin biopsies were obtained 24 

using an 8 mm skin punch, with samples either stored at -20°C for future analysis or fixed in 25 

4% paraformaldehyde (PFA) for histological examination. The paraffin-embedded sections 26 

(4μm thickness) were stained with haematoxylin & eosin, Masson’s trichome, and Toluidine 27 

blue and the ImageJ software was used to quantify epidermal thickness and keratin area. 28 

Total RNA was extracted using Trizol (Life Technologies, Gaithersburg, MD, USA) and 29 

immediately cDNA was synthesized from 2000 ng of extracted RNA using M-MLV Reverse 30 

Transcriptase kit (Promega, Madison, WA, USA). Quantitative real-time PCR was performed 31 

by amfiSure qGreen Q-PCR Master Mix (GenDEPOT, Katy, TX, USA) with ViiA™ 7 Real-32 

Time PCR System (Applied Biosystems, Foster City, CA, USA). Data were normalized by 33 
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housekeeping gene Gapdh as a control and quantitation of the fold change was determined by 1 

the comparative CT method. The information of primers used in this study can be shown in 2 

Table S1. 3 

The skin tissues were lysed in PRO-PREPTM Protein Extraction Solution (iNtRON 4 

Biotechnology, Sungnam, Republic of Korea) containing phosphatase inhibitors. Protein 5 

concentration was quantified with a BCA Protein Assay Kit (Thermo Scientific, Waltham, MA, 6 

USA) according to the manufacturer’s instructions. Total protein (10 μg) was separated by 7 

SDS-PAGE and transferred onto PVDF membranes. The membranes were blocked in TBST 8 

with 5% skim milk or BSA for 45 min at RT and then immunoblotted with primary antibodies 9 

overnight at 4 °C. After washing in TBST, the blots were incubated with the HRP-conjugated 10 

secondary antibodies for 1hr at RT. The proteins were visualized by Immobilon® Forte 11 

Western HRP Substrate (Merck Millipore, Burlington, MA, USA) in ChemidocTM MP 12 

Imaging System (Bio-Rad Laboratories, Hercules, CA, USA). Densitometric quantitation of 13 

protein bands was performed using ImageJ (National Institutes of Health, Bethesda, MD, USA). 14 

Cytotoxicity of Commercial Sunscreen and Pollen Microgel: The cytotoxicity evaluation of 15 

commercial sunscreen and pollen microgel was conducted using HaCaT cells cultured in 16 

DMEM (Life Technologies, Inc., Grand Island, NY, USA) supplemented with 10% FBS and 17 

1% penicillin-streptomycin and seeded 10,000 cells/well in 96 well-plates. The sunscreen was 18 

mixed with the culture medium and prepared with 10% (v/v) sunscreen suspension in the 19 

medium. Also, the pollen microgels were prepared at 10% (v/v) with a complete growth 20 

medium and added to the well with serial dilution. After 24 h, the cell viability accessed CCK-21 

8 assay for quantifying viable cells.   22 

Coral Bleaching Test: To observe the coral bleaching caused by sunscreen ingredients or pollen 23 

microgels, we conducted an experiment by simulating the situation where sunscreen washes 24 

off into seawater. Coral bleaching occurs in almost all types of corals and is triggered by 25 

various factors, including elevated sea temperatures, ultraviolet exposure, pollution, and 26 

specifically, certain sunscreen ingredients such as oxybenzone, octocrylene, and octinoxate [5b, 27 

11]. These chemicals can induce stress in corals, leading to the loss of their symbiotic algae, 28 

which causes the corals to bleach. In this study, we selected Acropora sp. corals because they 29 

are widely distributed in tropical and subtropical waters around the world, including the Indo-30 

Pacific and the Caribbean. Acropora sp. corals, known for their diverse forms and rapid growth 31 

rates, play a crucial role in reef-building and are thus ideal for studying the general effects of 32 

sunscreen-induced bleaching. The Acropora sp. corals were obtained from local aquarium 33 

(Haiyang & ReefMarketSG, Singapore). Corals were maintained in a recirculating artificial 34 

seawater system at 25°C. Coral exposure experiments were conducted in 10 L simulated 35 
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seawater tanks fitted with a submersible circulation pump delivering a consistent flow rate of 1 

200 L/h. This setup maintained a continuous, gentle, low-shear current designed to mimic 2 

natural water movement in shallow reef environments, ensuring uniform dispersion of test 3 

substances without causing physical stress to the coral specimens throughout the exposure 4 

period. The images were obtained 0, 1, 3, 5, 7, and 14 days after commencing culture, 1 ml of 5 

the sunscreen or pollen microgels was mixed with seawater and added to seawater tank (10 L) 6 

after 24 hr adaptation. During culturing, we counted the corals when it started bleaching. After 7 

30 and 60 days, we took the images of the corals with control and pollen microgel-treated 8 

groups.  9 

Temperature Thermal Imaging: To equalize the temperatures of the pollen microgel and 10 

sunscreen, they were left at room temperature for 2 hours. Then, sunscreen and pollen 11 

microgels (200 µl) were applied in square shapes (3 cm x 3 cm) on two areas inside the forearm. 12 

To ensure a fair and application-relevant comparison, the UV attenuation performance of the 13 

pollen microgels and commercial sunscreens was evaluated based on a standardized surface 14 

application dose (mg/cm²), reflecting realistic usage conditions rather than the internal 15 

concentration of UV-active compounds. Thermal imaging and temperature measurements were 16 

conducted at 2-minute intervals for 20 minutes under direct sunlight (between 2 PM and 3 PM 17 

in Singapore's average temperature and weather conditions). Sunscreen or pollen microgel (100 18 

µL each) were spread on glass slides and continuously exposed to a UV lamp (365 nm, UVGL-19 

58 handheld UV lamp) from a distance of 5 cm. During the 40-minute exposure, temperature 20 

measurements and thermal imaging were conducted every 2 minutes. For both experiments, 21 

temperature measurements were taken at four different points. 22 

Statistical Analysis: All the results are represented as the mean ± SD of independent 23 

experiments. The significance of statistical differences was analyzed using one-way ANOVA 24 

test (Prism 10; GraphPad Software, San Diego, CA, USA). P < 0.05 was regarded to have 25 

statistical significance. 26 
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